Magnetoelectric Jones Dichroism in Atoms 
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The authors suggest that atomic experiments measuring the interference between magnetic-dipole 
and electric-field-induced electric-dipole transition amplitudes provide a valuable system to study 
magnetoelectric Jones effects. 
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A recent letter Q reported the first observation of mag- 
netoelectric Jones birefringence in liquids (see also Ref. 
0). This observation helped to clarify some of the long- 
standing theoretical confusion surrounding Jones bire- 
fringence and the associated Jones dichroism (collectively 
known as Jones effects) jjj 0]. The interest in further 
understanding these effects has led to the investigation 
of other experimental systems which may exhibit Jones 
effects. These include the possibility of observing the 
effects through beam divergence in uniaxial crystals Q 
and possible observation in the quantum vacuum 0. In 
this letter we point out that Jones dichroism can be stud- 
ied in atomic systems under much less severe experimen- 
tal requirements. In addition, these atomic systems are 
more amenable to theoretical analysis than the relatively 
complicated condensed-matter systems that have been 
studied to date. The simplicity of these systems may 
help to expand the understanding of the manifestation of 
Jones effects in general. We also point out that our recent 
experiment measuring interference between magnetic- 
dipole and electric-field-induced electric-dipole transition 
amplitudes in atomic ytterbium constitutes a measure- 
ment of Jones dichroism in a simple atomic system. 

The development of the Jones matrix calculus for de- 
scribing the propagation of light led to the prediction of 
two distinct types of linear birefringence and dichroism 
0. The two types of effects differ in the orientation of 
the birefringent and dichroic axes. The Jones formalism 
revealed that certain uniaxial media may exhibit birefrin- 
gence and dichroism along axes which are at ±45° rela- 
tive to the axis of anisotropy. Birefringent and dichroic 
effects of this type are called Jones effects. They are 
distinct from the familiar birefringence and dichroism, 
which have axes parallel and perpendicular to the axis of 
anisotropy. 

There has been theoretical discussion concerning the 
requirements for media that may exhibit Jones effects 
and what transition moments must be accounted for in 
order to describe it 0, 0] . In Ref. , it was shown that 
Jones effects may be induced in isotropic media by the 
application of parallel electric and magnetic fields. If the 
direction of light propagation is perpendicular to the elec- 
tric and magnetic fields, the Jones effects are described 



by 



An, 



fl+45° ~~ ^-45° , 



(1) 



where ^±450 is the complex index of refraction for light 
polarized at ±45° relative to the electric and magnetic 
fields. The real and imaginary parts of Anj describe 
Jones birefringence and dichroism, respectively. On a 
microscopic level, Jones dichroism may manifest itself as 
a difference between the rates with which atoms of the 
medium are transferred to the excited state in the pres- 
ence of light polarized at ±45° relative to the electric and 
magnetic fields given by 



Ar r = r 



+45° 



-45° • 



(2) 



Jones effects generally occur in materials which exhibit 
the more familiar birefringence and dichroism. In addi- 
tion, Jones effects are predicted to be significantly smaller 
than the usual birefringence and dichroism in most me- 
dia. Consequently, magnetoelectric Jones birefringence 
has been observed only recently in molecular liquids un- 
der extreme experimental conditions • 

To our knowledge, the observation of Jones dichroism 
has not been reported as such. Here we point out that 
Stark-interference experiments which utilize parallel 
electric and magnetic fields provide a simple atomic sys- 
tem which exhibits Jones dichroism. The experiment 
measuring a highly forbidden magnetic-dipole transition 
amplitude in atomic ytterbium using this technique con- 
stitutes such a system and its results can be interpreted 
as an observation of magnetoelectric Jones dichroism. 

In the experiment [2j, we studied a highly forbid- 
den transition between states of the same parity. In 
the absence of external fields and neglecting parity- 
nonconserving effects, the transition occurs only through 
a small magnetic-dipole amplitude (« 10 -4 hb, where 
I^ib is the Bohr magneton). By applying a static elec- 
tric field, an electric-dipole amplitude is induced through 
mixing of opposite-parity states. An atomic beam of yt- 
terbium was excited with resonant laser light propagating 
perpendicularly to parallel electric and magnetic fields. 
The excitation light was polarized at an angle 9 relative 
to the external fields. For the transition studied in our 
experiment (between a ground state with total angular 
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momentum equal to zero and an excited state with total 
angular momentum equal to one), the electric field, E, 
results in a Stark-induced electric-dipole transition am- 
plitude to the Mj magnetic sublevel of the excited state 
given by 

A(El st ) = if3(Exe)_ M , j , (3) 

where e is the electric-field amplitude of the laser light, 
(E x e)_Af ; is the — M'j component of the vector in the 
spherical basis, and (3 is the vector transition polariz- 
ability jlB] . The magnetic-dipole transition amplitude is 
given by 

A(Ml) = M (kx £ )_ MJ , (4) 

where k is the direction of propagation of the excitation 
light, k x £ is the magnetic-field amplitude of the light, 
and /i is the magnetic-dipole matrix element between the 
ground state and any of the M'j magnetic sublevels of the 
excited state. The transition rate is therefore 

roc^|A(^i st ) + ^(Afi)| 2 

oc Y, \A{El S t)\ 2 + 2Re[A(El st )A(Ml)*] + \A(M1)\ 2 . 

(5) 

As is discussed in Ref. Q, the interference term in Eq. 
iJSJ is of opposite sign for the M'j = +1 and M'j = — 1 
magnetic sublevels. It is therefore necessary to apply a 
magnetic field to resolve the different sublevels in order 
to observe the effect of this term. The signal due to 
the interference term is proportional to the rotational 
invariant 

[(E x e) x (k x e)] B, (6) 

which is also true in a more general case where E and B 
are not necessarily collinear. 

We define the z axis to be along the direction of the 
magnetic field, B = Bz, and define the x axis so that 
the electric field lies in the x-z plane, E = E x x + E z z. 
We assume that the light propagation is perpendicular to 
both fields, k = k y and that the light is linearly polarized 
at an angle 9 relative to the magnetic field, i — sm9 x + 
cosflz (Fig. EJ). The \A(El st )\ 2 and \A(Ml)\ 2 terms 
in Eq. (|SJ) are independent of the sign of the angle of 
polarization while the interference term is odd with 9. 
Using expression jnj) it is easily shown that the difference 
in transition rates for ±9 results in a Jones dichroism 
given by 

T+e - r_ e oc E z sin9 cos9. (7) 
The factor E z in Eqn. J7J shows that 

AT j oc E B, (8) 




FIG. 1: Orientation of external fields. 



which is the predicted dependence of the magnetoelec- 
tric Jones effects on E and B £| . It is interesting to note 
that the transition rate depends on the magnitude of the 
magnetic field only for values of the magnetic field which 
do not fully resolve the magnetic sublevels. This is anal- 
ogous to the change in magnetic-field dependence of the 
resonant Faraday rotation (see for example Ref. 

Due to the weakness of the forbidden transition stud- 
ied, we determined the transition rate by observing flu- 
orescence in a decay branch of the excited state rather 
than detecting absorption. In our experiment the ob- 
served Jones dichroism is significantly smaller (k5x 10 -3 
at the electric fields used in the experiment) than the nor- 
mal dichroism, which is dominated by the Stark-induced 
amplitude. As can be seen from Eq.JJJl, only the compo- 
nent of the light electric field that is perpendicular to E 
contributes to the transition rate. Thus, the dominant 
fluorescence signal is proportional to sin 2 # and to \E\ 2 . 
These dependences were verified experimentally. The in- 
terference term responsible for Jones dichroism was iso- 
lated from the dominant signal by comparing the fluo- 
rescence spectra for opposite electric fields. In the data 
analysis we normalized the interference term to the dom- 
inant signal resulting in an asymmetry given by 

r(£ + )-r(E_) _ 2Mlcos(9) 
T{E + )+T(E-) (3E sin(0) J ' 1 ' 

The dependence of the asymmetry on the electric field, 
magnetic field, and polarization angle was verified ex- 
perimentally (see Ref. for figure showing the inter- 
ference term versus the magnitude of the electric field). 
Figure shows the experimental fractional asymmetry 
[Eq.©] plotted versus the polarization angle. We have 
normalized the signal to the magnitude of the electric 
field in order to combine data taken a different electric 
fields and leave only the polarization angle dependence. 
Also shown is the expected angular dependence of the 
asymmetry. Most of the data was taken with light po- 
larized at 9 = ±45° relative to the electric field since the 
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FIG. 2: Experimental results showing the dependence of the 
fractional transition-rate asymmetry, normalized by the mag- 
nitude of the electric field, on the angle of light polarization. 
Solid line shows the expected dependence. Data was taken in 
the work of Ref. and experimental details are contained 
therein. 

interference term is maximal at these values [see Eq. Q] . 
The difference in the sign of the asymmetry for 8 = ±45° 
clearly indicates a nonzero value of ATj, verifying the 
key signature of Jones dichroism. 

We note that although the Jones dichroism was sig- 
nificantly smaller than the usual dichroism in our exper- 
iment, it is possible to significantly increase its size by 
using an allowed magnetic-dipole transition. In fact, it 
possible to have both the Jones dichroism and the reg- 
ular dichroism of the same order as the overall absorp- 
tion, which can be substantial in the case of an allowed 
magnetic-dipole transition. 

Finally, we point out that atomic systems may be of 
use in measuring other types of magnetoelectric effects 
which are currently being studied in more complicated 
systems, such as more common forms of magnetoelectric 
linear birefringence 12] and magnetoelectric directional 
anisotropy [lj|. In fact, expression (JBJ shows that this 
system exhibits both of these effects. It is interesting to 
note that a polarization-dependent directional anisotropy 
is present for both parallel and perpendicular electric and 
magnetic fields. For the case of perpendicular electric and 



magnetic fields a component of the directional anisotropy 
is present even when averaged over the polarization angle. 
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